Electroantennogram, Electrosensillogram, Optimum Curves, Hysteresis, Temperature Dependence By recording the temperature dependence of electroantennograms with Lepidoptera antennae optimum curves were obtained, and a hysteresis phenomenon was observed by passing tempera ture cycles. The latter also occur with single cell recording (electrosensillogram) in the receptor potentials as well as in the number of action potentials released per second. The results of the measurements are discussed on a molecular level, a scheme reflects the molecular processes which eventually are involved in the interaction of a signal molecule and receptor region.
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M ethods

Electroantennography (EA G ) and electrosensillography (ESG)
The electroantennogram (EA G ) m easurements were carried out according to the description of Schneider [5] , and the electrosensillogram (ESG) technique according to that of Kaissling [6 , 7] , (Elec trode filled with a 2 0 % solution of polyvinylpyrro lidone K90 (Fluka AG) in receptor lymphe R inger's solution [7] .)
A pparatus
For the investigation of the tem perature depend ence of E A G and ESG responses, a computer-controlled apparatus was developed, as presented schematically in Fig. 1 . In this set-up, the airstream blown over the antenna, to which for stimulation a defined am ount of a pherom one can be mixed, could be heated or cooled gradually. The system was con trolled by a com puter (Commodore 4), which stored and provided the pre-set values and the rate of changing of tem perature to the controlling circuit. This com puter also regulated the time program which controlled the duration of stimulation.
T em perature controlling
The following procedures were used to heat or cool the air used ( (2) . The continuous air stream was cooled to -30 °C by Peltier elements (3) and heated to the desired tem perature by a platinum wire (4) . The tem perature of the preparate was measured by a therm istor (5) placed near the antenna. The com puter-controlled unit could read this value and adjust the tem perature to the pre-set value by means of the heating coil. The motion of the plunger of a disposable syringe (3) was controlled by an electrically operated valve ( 1 ), which regulated the pneumatic cylinder (2) . In the syringe a piece of filter paper (4) loaded with the stim ulant was placed. When the plunger was with drawn an odour cloud is generated inside the barrel. The concentration in this cloud depends on the length of time the plunger is kept withdrawn and on the tem perature. Since the intervals between each puff and all the other conditions were kept constant, the concentration of the stimulus may be expected to be constant within a test series. This was confirmed experimentally by the fact that the same EA G am plitudes were obtained for repeated stimulations conducted at a constant tem perature. The stimula tions were provided by pushing forward the plunger of the syringe. This provided a 8 -ml-per-sec mixture of air and pherom one stimulus chemical mixture, which was mixed via a 5-cm piece of silicone tubing held by the brass nut (6 ) . Afterwards the plunger was automatically drawn up to the original position. The odour molecules which did not reach the antenna were vented by an exhaust system.
Stimulations for ESG
In order to provide constant quantities of stimulus per second for relatively longer periods, the equip ment for the stimulation for ESG measurements was changed in the following way (Fig. 4) : plunger, could be excluded. The electronic noise generated by the system was smaller than 0.1 mV.
Results
Optim um curves
With a stimulation time of 1 sec the E A G am plitudes given by all the insects species tested in this study showed a tem perature dependence which went through a maximum. Fig. 5 shows the results ob tained from five different species; the concentration of the stimulus at the source was kept constant for each measuring cycle.
In all the experiments the antenna was first adapted to a tem perature of 15 °C. Then the tem per ature was either raised or lowered continuously in the range between 0 and 30 or 35 °C. The rate of A folded piece of filter paper (8 , 2 cm x 6 cm) was loaded with the stimulus and placed in the container which can be opened through the ground-glass joint (9) . The female end of the connection ended in a narrow glass tube (7) which was connected to the glass capillary (4) by a piece of silicone tubing (6 ) . The silicone tube (6 ) also held the second glass tube (3) with side opening (5) . Through this opening, air was continuously vented in order to purge out the odour molecules which may diffuse from the glass capillary. This way contam ination of the preparation was avoided. One end of this glass tube (3) was in serted into the glass cylinder (2 ) through which the continuous air stream was flowing. The stimulation was provided by blowing a defined am ount of air containing the pherom one, through the open end (10 ) .
It should be noted that by adding small am ounts of stimulus chemicals into the continuous air stream , which is about fifty times greater, the am ount of stimulus experienced by the antenna is considerably reduced. Thus, a loading of 0.1 |ag corresponds to an effective stimulus loading of about 0 . 0 0 2 ng, provid ing a linear relationship between evaporation respec tively desorption of the stimulus molecule and the load.
With an intact antennal preparation, control ex perim ents were conducted under identical test condi tions but without a stimulus chemical (syringe not loaded). Hereby the changes of pressure and tem per ature, possibly generated by the m ovem ent of the change of tem perature was normally 5 °C/min, and the electroantennogram s were recorded at each 5 °C/ step. Identical results were obtained when the experi m ent was carried out with a stepwise tem perature program in which the tem perature changes were car ried out for e.g. 5 °C in 5 sec, after the new tem pera ture was held for 40 sec, the stimulation was pro vided and then progressed to the next tem perature step.
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Hysteresis
A hysteresis phenom enon was observed in the fol lowing experim ents. First the antennal preparation was adapted to a tem perature of 15 °C, and then con tinuously cooled to 0 °C. Subsequently, the tem pera ture was increased from 0 °C to 35 °C, and afterwards the tem perature was decreased again to 0 °C (5 °C/ min, Fig. 6 ). D uring this process the antenna was stimulated every m inute by a constant am ount of pherom one. Fig. 7 shows that the optimum curves obtained for descending tem perature (30 to 0 °C) were over those obtained for increasing tem perature (0 to 30 °C). Consequently, for each tem perature two values were obtained depending on the tem perature pretreat m ent of the antenna (cold or hot pre-tem perature, respectively), i.e. with cyclic tem perature programs a hysteresis is observed. Fig. 7 reflects a typical curve obtained from Antheraea pernyi. It can be recognized that for higher con centrations of the stimulus, the differences between the E A G amplitudes for a certain tem perature is greater than the differences for lower concentra tions.
The hysteresis effect observed here, with continu ous changing of tem perature, could have been caused at least partly, due to a lag in the tem perature actually experienced by the antennae. In order to minimize such an effect, in the following experiments a stepwise tem perature program was chosen. The preparation, after each tem perature jum p, which re quired 2 0 sec, was allowed to adapt to the new tem- perature for 180 sec. Afterw ards, it was stimulated; the stimulus interval as well as the stimulus loading were kept constant within a test series. Fig. 8 shows the mean values obtained out of four recording cycles. Also with this tem perature program a clear hys teresis effect can be seen. The values m easured for warm tem perature pretreatm ent always lie over those for cold.
Temperature dependence o f the course o f EA G responses
N ot only the amplitude, but also the temporal course of the E A G responses is tem perature-de pendent. In order to study these effects the following factors were defined ( Fig. 9 ): t/2 means the half width of the E A G signal, t/2 | the half time of rise and t / 2 f that for decline. With increasing tem perature the T/2-value de creases, as illustrated in Fig. 10 .
From Fig. 11 it is evident that the declining phase is mainly responsible for the lower T/2-values ob served with higher tem peratures. The influence of the t / 2 [ -values could not be observed precisely.
Tem perature dependence o f the receptor potential (E SG )
In order to describe the receptor potentials, the same terms as in Fig. 9 are defined: A means now the maximum height of the receptor potential, t / 2 | the time to the half maximum value of depolarization, and t / 2 f that for the repolarization.
W ith a shorter duration of stimulation (0.25 sec) the dependence of the receptor potential amplitude on the tem perature shows an optimum curve, similar to that observed for E A G (Fig. 12) . With a relatively longer period of stimulation of 1 0 sec, the amplitude of the receptor potential de creases almost linearly with increasing tem perature, as it is shown with Fig. 13 a. The time required for the depolarization and the repolarization are shorter with higher tem peratures, and as a result asymptotic curves are obtained (Fig. 13 b) . evident, that the receptor potential remains constant after attaining its tem perature-dependent maximum (Fig. 14) , which means that obviously a steady state is obtained.
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Temperature dependence o f action potential
The action potentials obtained from the tips of a sensory hair also showed a tem perature dependence. Positive amplitude between 6 and 2 mV were ob tained for tem peratures between 0 and 25 °C.
How ever, by this technique of measuring, only somewhat restricted information can be obtained about the real shape of the action potential curves at their real site of formation. However, it allows qual itative statem ents to be made on the tem perature dependence of values at half-width. For this purpose the following terms are introduced (Fig. 15) : A am plitude of the positive phase; x/2 value of the half width.
The maximum value of receptor potential am plitude, in the 0 -25 °C tem perature range, was ob tained at 0 °C. However, this was valid only for suffi ciently longer periods of stimulation (15 sec). With shorter periods of stimulation the potential fails to reach the maximum value. In Fig. 14 the dependence of the receptor potential amplitude on the duration of the stimulation for tem peratures of 0 and 10 °C is illustrated. Furtherm ore, from the figure it becomes To determ ine the exact duration of the action potentials, the ESGs were transferred from a tape recorder, which was allowed to run at a very slow m ode, to a recorder. This way the half-width values could be measured. The values were 5, 2, 0.5 and 0.25 msec for tem peratures 0, 10, 20 and 30 °C, re spectively (Fig. 16a.) . The decrease of the duration of action potential shows an exponential behaviour and therefore can be represented as a straight line in an Arrhenius plot (Fig. 16b) .
Hysteresis effect o f the ESG
When tem perature changes were carried out in 5 °C steps, as already described for E A G , and the electrosensillograms (ESG) released by a pheromone stimulation were recorded for each tem pera ture step, a hysteresis effect was clearly evident from these optimum curves obtained from the num ber of spikes released by a constant amount of stimulus. This num ber was higher for antennae that underwent a w arm er tem perature treatm ent than that for those subjected to colder pretreatm ent. Fig. 17 shows the effect of tem perature on the summed-up num ber of action potentials during a stimulation of 1 0 sec dura tion.
Z A P The receptor potentials were not analyzed in this case, since the receptor potential amplitudes result ing from loading of the source with 0.1 pig E 6 ,Z 11-hexadecadienal were very small.
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With higher loadings of the stimulus, e.g. 100 |ig, a hysteresis effect was also evident in the receptor potential am plitudes, as it can be seen in Fig. 18 . The preparate was first adapted to 10 °C and then sub jected to tem peratures of 0 °C, 10 °C, 20 °C and then back to 10 °C, and at each tem perature the antenna was stim ulated by a constant amount of pherom one. With the receptor potentials as well as the num ber of action potentials, both obtained at 10 °C, higher val ues were obtained from the measurements which had been carried out after pretreatm ent with higher tem perature (Fig. 18) .
The hysteresis effect was still present after the tem perature cycle was repeated several times. Since within a given test series the higher readings of po tentials were recorded after the lower values had been obtained. A tem porary decrease of sensitivity of the preparation by adaptation could be excluded. Fig. 19 shows the change of the receptor potential and the summation of num ber of induced action po- tentials observed during a 5 sec stimulation at tem peratures of 0 °C, 10 °C, 20 °C, and 10 °C, respec tively. It became evident that the receptor potential amplitude and the number of action potentials show an opposite type of dependence on tem perature. The receptor potential amplitude is smaller and the num ber of the thus induced action potentials is larger at higher tem peratures. The phenom enon of hysteresis can be observed with the receptor poten tials as well as with the num ber of action potentials in Fig. 19 . The difference of the receptor potential measured at 10 °C, depending on the tem perature pretreatm ent is ca. 30%. The difference shown by the num ber of action potentials is even more signifi cant (about 40%).
W hen the relative receptor potentials derived from Fig. 19a , for the tem peratures 0 and 20 °C, were re plotted on a semilogarithmic scale, it became evident that the values for 20 °C lie on a straight line, w here as those for 0 °C lie on two straight lines which inter cept each other at 2 sec. This indicates the appear ance of two different time constants (Fig. 20) .
For the receptor potential evoked by 100 |jg aldehyde, the time required for reaching the half maximum value is 0.45 sec at 20 °C, and 0.90 sec at 0 °C (Fig. 20) . 
Discussion
Similarities in E A G and E SG measurements
The investigations carried out in this study show many similarities between the results obtained from E A G and ESG. With gradual as well as stepwise tem perature programs, the electroantennogram am plitudes plotted against the tem perature gave opti mum curves. Similarly, the potentials obtained after a short stimulation time by single sensillum record ings, for the amplitudes of the receptor potentials and for the num ber of action potentials (Figs. 12 and  17) , showed the presence of an optimum tem pera ture.
Furtherm ore, the effect of hysteresis was found in both recording techniques for all the species investi gated, and also for different loadings of respective pheromones. The hysteresis effect could be observed for gradual as well as stepwise tem perature programs (EA G : Fig. 7, 8 ; ESG: Fig. 17, 18, 19) .
Further similarities between EA G and ESG were found in the temporal course of potential change as a function of tem perature. The rate of change became faster with increasing tem perature. This is shown by Fig. 10 for the E A G and Fig. 13 for the receptor potential. Similar observations showing the close re lationship between E A G and ESG have been made by Nagai [8 ] with Ostrinia and Löfstedt et al. [9] with Dioryctria abitiella. But it has to be pointed out, that there are also differences between E A G and ESG [8 ,
10, 11].
Maxima in E A G s
From Fig. 5 it can be seen, that with 1 sec stim ula tion time the E A G amplitudes are dependent on tem perature and the curves show a maximum. H ow ever, for the same tem perature range the duration of the E A G responses becomes shorter towards higher tem peratures, and the half-width value of the E A G signals become narrow er (Fig. 10) and shows no maximum. The half-width values are determ ined mainly for the declining phase (Fig. 11 ). The rising phase shows only a small tem perature dependence. From this it becomes evident, that both phases are based upon different processes with different tem perature dependences.
The Q 10-values obtained from Fig. 5 vary between 1 . 0 and 2 .1 , and have an average value of 1 . 6 for the tem perature range 0 to 10 °C. Since the Q 10-values known for physical processes and simple diffusion lie between 1.03 to 1.30 [12] , our results do imply that the tem perature-dependent rate of diffusion of pherom one molecules towards the dendrite mem brane can be excluded as an explanation of the in crease of amplitude in the lower tem perature range.
Receptor potential
The maximum amplitude of the receptor potential shows a near linear decrease with the increasing tem perature (Fig. 13 a) . U ehara and M orita [13] have dem onstrated with labellary chem oreceptors of Phormia regina that the receptor potentials for glu cose and NaCl increase with increasing tem pera tures, whereas that for water was independent on tem perature. However, the rate of increase of the receptor potentials for all three substances tested de creased with increasing tem perature. These results are in agreement with our observations of the tem perature-dependent rise and fall of receptor poten tial (Fig. 13b) . For example, the half-width values for the depolarization at 0 °C is about 2.3 sec; this becomes smaller with increasing tem perature, and at 30 °C it is only about 0.5 sec. A similar tendency has been observed with receptor potentials deduced from Pacini bodies of cats. In this case the duration of rise and fall of the amplitudes measured between 10 and 40 °C do decrease by about 50% [14] .
Studies conducted on stretching muscle of the crab Pachygrapsus crassipes are also of interest in this re spect [15] ; with increasing tem perature a decrease of the amplitude of the excitory synaptical potentials has been observed. The time required to attain the respective maximum amplitude becomes shorter with increasing tem perature. The maximum is reached faster at higher tem peratures, similar to the result obtained in our study (Fig. 14) .
Our present knowledge of the complicated electric relations in nerve cells provides no definitive expla nation about the decrease of the maximum am plitude of the receptor potential with increasing tem perature. It is known that with increasing tem perature the resistance of a sensilla m em brane de creases [16] and thereby the conductivity increases according to the definition. By this reasoning, in creasing tem perature can lead, at least in principle, to a decline of the maximum amplitude. The latter reflects the relative change of conductivity induced by the interaction between signal molecule and re ceptor region.
If the assumption is made that there is a correla tion between the receptor potential and the opening of individual ion channels [17, 18] , the decline of the maximum am plitude of the receptor potential by in creasing tem perature may result from a decline of time of opening and degree of opening respectively of the individual channel.
This has been proven by Anderson et al. [19] , with glutam ate-induced ion channels of grasshoppers; and by Fischbach and Lass [20] , with muscles of chick embryos.
These authors presume that the state of lipids in the immediate environm ent of the ion channel influ ences its mode of action [19] , and that the fluidity of the mem brane lipids associated with the "microenvi ronm ent" of the acetylcholine receptor decisively de term ines its degree of opening [2 0 ].
These presum ptions are supported by the works of Romey et al. [21] , on the electrical activity of ion channels in nerve membranes.
O ur present results point in the same direction and confirm our form er supposition that the signal molecules interact with the receptor region in a flex ible m anner and the receptor region consists of pro teins as well as lipid regions [3, 4] .
Hysteresis
By passing through a tem perature cycle of 0 °C to 20 °C or 35 °C, respectively, and back to 0 °C, we observed a phenom enon of hysteresis, i.e. two differ ent values for each tem perature, depending on the cold or warm pretreatm ent experienced by the an tenna. The values obtained after a warm p retreat m ent were higher than those after a cold treatm ent. This was valid for both E A G as well as for receptorpotential amplitudes. A similar hysteresis effect was found for the total num ber of action potentials released by a constant amount of stimulus.
With the stepwise tem perature program, the prep aration had up to 1 0 0 sec to adapt to the new tem per ature. Because of the small dimensions of the sensilla (1 = 300 ^im; 0 = 4 |im) one can assume, that the whole sensillum has attained the set environmental tem perature before the beginning of the pheromone stimulation. Therefore, the ratio of adsorption and desorption, as well as the rate of diffusion are the same at the test tem perature, irrespective of the pre treatm ent the antenna had experienced. Thus such effects can be excluded as the reason for the hy steresis. Hence the hysteresis found here can be attributed to processes which may be participating in the transduction.
The tem perature dependence of activation and desactivation of the sodium ion-current, in different preparations m ade by Schwarz [22] and Benndorf and Nilius [23] has also shown a hysteresis curve. These authors have given the change of fluidity of the lipids, surrounding the receptor or the channel pro tein, as an explanation. They prefer this explanation over that of a change in the protein itself. This sup ports the possibility discussed in the previous section, that the fluidity of the m embrane lipids which are directly associated with the protein of a receptor re gion will have an influence on the degree, time, and rate of opening of the ion channels.
The appearance of hysteresis can be taken as an indication for the presence of phase transitions to which especially m eta-stable states and domain struc tures are contributing [24] [25] [26] (compare also, hys teresis with lipid membranes: [27, 28] and the references therein).
The integral proteins of a m embrane are inte grated into a rigid layer of lipids which can be visual ly imagined as floats swimming in a lake of fluid lipids [21, 26] . These protein lipid domains can rep resent cooperative systems, in which a change of con formation in the lipid part will course a simultaneous change of conformation in the protein part [26] .
In the rigid gwasZ-cristalline phase, the H-atoms of the fatty acids form a hexagonal most-compact spherical packing, in which holes exist due to gauche conformations in the chain. As the transition to the fluid phase occurs, the num ber of gauche conforma tions increases rapidly [28, 29] . In a cooperative lipid-protein dom ain, these changes of conforma tions appearing first in the phase transitions of the lipid part should be then transferred to the protein com ponent. Lipid-phase transitions can be released isothermally by changes of charge in the hydrophobic head groups of the lipids, and especially, also by "foreign" molecules [26, 29] , even more when the lipid part is in a m eta-stable state.
On the above-stated assumption that there is a di rect correlation between the receptor potential and the num ber of activated ion channels, and the open ing width or the opening time, respectively, the fol lowing model can be proposed as a possible explana tion of hysteresis phenom ena, by taking into consid eration the hitherto-discussed results of other groups, as well as those of ours, that the boundary area betw een protein and lipid plays a role in the molecular process leading to the formation of an ion channel.
The signal molecule during its attachm ent interacts with the boundary area mentioned above, in which the lipid part exists in a meta-stable state. The part of the stimulus molecule which comes into contact with the lipid region of the domain acts as a foreign body which initiate a change of phase (change of confor m ation) at the place of the interaction, which spreads out cooperatively and thus induces the formation of an ion channel [4] . The formation of meta-stable states in lipids is more favourable when approaching from a w arm er tem perature than a colder. This can explain our hysteresis results, in which the values, obtained after a warm er tem perature pretreatm ent were always higher than those from a colder pre treatm ent.
It should be pointed out that the conceptions de veloped here represent only a working hypothesis, which can for the moment explain to a reasonable degree most of the results of tem perature depend ence of our m easurements.
Schematic representations o f molecular processes at the dendrite o f a sensory cell
In the following section, the molecular processes which occur when a pheromone interacts with the receptor regions will be discussed using a simplyfied scheme based on various experimental results. For this m odel, we will use P for pherom one and E for re ceiver, instead of more generally used S for signal and R for receptor because the use of R and S is well established in chemical nomenclature to designate absolute configuration. Lateron the model discussed here will also be extended to chiral pheromone derivatives [30] [31] put forward for the acetylcholine receptor. Kaißling has discussed for pherom ones these pre sumptions in detail for each individual step [32] [33] [34] , Based on these considerations and numerous calcula tions, a rapid inactivation of the pherom one must be expected at an earlier stage [35] . A binding protein found in the lymphe of sensilla [34, 36, 37] may be responsible for this rapid inactivation.
It seems plausible that the changes of conforma tion that occur in the receptor region, when the transition from [PE] to [PE*] takes place weakens the binding of [P] to [E] in such a way that the bind ing protein is able to remove the pherom one from the complex and transport it away [P°] . At the same time or later, the enzymatic metabolism of the pherom one [36, 38, 39] , as found in certain cases, can take place. The receptor is then left in a form [E°] which cannot be activated, but can react again with a pherom one molecule to form the complex [PE°], The formation of [PE°] does not lead to an opening of an ion channel.
[E°] itself can be reacti vated to [E] .
We have incorporated [E°] into the scheme given in Fig. 21 based on the assumptions of Katz and Thesleff [40] , who presume that the appearance of a non-activable receptor species can be used to explain the phenom enon of adaptation (cf. also [33] All rate constants given in Fig. 21 should be tem perature-dependent. The slower increase of receptor potential at 0 °C, com pared to that of 10 °C, as shown in Fig. 14 , can be explained in the following way: A t lower tem peratures the rate constants a and b become smaller, resulting in a slower rate of trans form ation of chemical stimulation at the receptor into an ion current.
The plateau of the receptor potential in Fig. 14 represents a steady state for which the num ber of opened ion channels [PE*] per time unit is constant. The decrease of steady-state amplitudes with increas ing tem perature (Fig. 13 a) can be explained by the fact that the rate constant c increases faster than the constants a and b. This in turn results in a smaller num ber of opened ionic channels in the steady state. The appearance of two rate constants in Fig. 20 is the object of further investigations.
